Self-expandable nitinol (nickel-titanium) alloys and 316L stainless steel are the most commonly used materials in the production of coronary stents. However, tantalum (Ta) has already been used to make stents for endovascular surgery and may constitute an alternative to other materials because of its better electrochemical performance, namely its higher corrosion resistance, as well as its radio-opacity. The characterization of wet polished, chemically polished, wet polished anodized, and chemically polished anodized Ta electrodes has been performed in a 0.15 M NaCl solution (simulated body fluid) using U corr ¼ f(t) measurements, anodic polarizations, capacity measurements, anodic oxidations, and atomic force microscopy (AFM) imaging. Anodic polarization curves have shown that the abnormal current density peak with a maximum value around 1.65 V (critical applied potential, U c ) disappeared for the anodized electrodes indicating a probable relationship
between the surface states and the film growth. These results are confirmed by capacity measurements. The behavior of wet polished and chemically polished electrodes during anodic oxidations seemingly indicated that for these particular treatments the film growth is different. The AFM images and roughness measurements have shown that chemical polishing produced smoother electrodes, a fact probably related to the differences in film growth.
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INTRODUCTION
C oronary stents are, nowadays, very popular in endovascular surgery. These cardiovascular devices are mainly made of 316L stainless steel or nitinol (NITINOL; an acronym for Nickel Titanium Naval Ordnance Laboratory is a family of intermetallic materials, which contain a nearly equal mixture of nickel and titanium; other elements can be added to adjust or 'tune' the material properties). However, a few tantalum (Ta) cardiovascular prostheses have also been used for biomedical applications [1] [2] [3] and recently Strecker et al. used flexible Ta endovascular prosthesis for popliteal artery stenting [4] concluding that these kinds of stents can be a valuable adjunct to popliteal artery angioplasty. These stents are widely used in the treatment of atherosclerotic coronary artery disease. Research progress in endovascular stents, grafts, and other implantable devices has been aimed mainly at improving blood and tissue biocompatibility as well as their geometry, for example, well-established therapeutic options to restore tracheobronchial obstructions consist of surgery, percutaneous and endoluminal radiation, laser therapy, and balloon dilation.
In this case, the choice depends on the general condition of the patient. Rieger et al. [5] implanted several balloon-expandable Ta Strecker stents and self-expandable nitinol Wallstents. They concluded that the Strecker stent displays different mechanical properties with less resistance to the mechanical forces within the tracheobronchial system, but allows easy removal and insertion as compared with the Wallstents in patients with benign lesions or malignant but potentially curable lesions. On the other hand, considering that the interface between the adjacent tissue and the biomaterial plays an important role in biocompatibility, the research progress focused on modifications in surface properties, namely surface energy, electrical surface charge, surface texture, and surface chemistry [6] . When metals are exposed to an aggressive milieu, corrosion, an electrochemical phenomenon, occurs in the surface releasing metallic ions to the adjacent tissues. Metals and their alloys form a thin film of protective oxide that retards dissolution of the metal. This protective oxide film is known as 'passivating film', which shows semiconducting properties that are normally related to corrosion resistance and provide the ultimate interface with the adjacent tissue after implantation. Chemical and electrochemical reactions are initiated and accelerated when these devices are in contact with the aggressive 'in vivo' milieu. These reactions depend on the physiological fluid, which is very rich in chloride ions. These ions are very aggressive to metals and are responsible for the localized corrosion, namely pitting corrosion and crevice corrosion [7] . To prevent and reduce the release of metallic ions and to improve the antithrombogenic properties of blood contacting biomaterials, several surface treatments are currently used [8] [9] [10] [11] [12] [13] [14] [15] [16] .
The results of previous studies have shown that Ta is more corrosion resistant [17] than 316L stainless steel and nitinol, is radio-opaque, a property that may facilitate the follow-up of stent catheterization, and is biocompatible [18] [19] [20] [21] [22] . For these reasons, Ta may constitute a good alternative to other materials traditionally used in endovascular surgery. However, while performing anodic polarizations in a 0.15 M NaCl solution (%0.9% NaCl solution), Ta with its natural oxide film shows an abnormal increase of current density with a maximum value around 1.65 V (critical applied potential, U c ), whereas the polarization resistance decreases. This may indicate that localized corrosion followed by repassivation with film growth has occurred. The film growth was observed, in situ, by atomic force microscopy (AFM). The Mott-Schottky impedance spectroscopy shows the semiconducting character of these films while the proposed band structure model associates the observed current density peak to a situation of transition from semiconducting to dielectric behavior [23] . It is important to note that the height of the barrier at both the metal-film and the film-solution interfaces also depends on the concentration of mobile ions [24] . Thin Ta oxide films behave as semiconductors [25, 26] while thick anodic films behave as pure insulators [25] [26] [27] . The objective of this study is to characterize in a NaCl solution, several surface treatments to improve the corrosion resistance of Ta as well as to contribute to a better understanding of oxide film growth on Ta electrodes. With this purpose different electrochemical techniques are used, namely U corr versus time measurements, anodic polarizations, capacity measurements, anodic oxidations, as well as AFM imaging.
EXPERIMENTAL
Disks of pure Ta (Ta > 99.9%-Goodfellow) of 15 mm diameter and 1 mm thickness were used in this study. Prior to the treatment and test, when needed, the electrodes were cleaned in an ultrasonic bath with 1,1,1-trichloroethane, ethanol, and bipermuted water. The following treatments were carried out: 4000 grit paper wet polishing; followed by anodic oxidation; chemical polishing in a 2HF þ 5H 2 SO 4 þ 2HNO 3 solution; followed by anodic oxidation. Then the samples were rapidly introduced into the electrochemical cell containing 0.15 M NaCl solution. The anodic oxidations were performed imposing current densities between 0.9 and 1.4 mA/cm 2 on to the electrode until it reached 7 V. The anodic oxidations were monitored using an EG&G 273 A potentiostat and the quantity of electricity, Q, was calculated from the curves U ¼ f(t), particularly, for the wet polished and chemically polished electrodes. To allow the electrodes to reach a given equilibrium, U corr versus time measurements were performed for 1 h. Polarization curves were, then, obtained varying the potential between À0.5 and 2.5 V, with a sweep rate of 0.25 mV/s. Using the same potentiostat, U corr ¼ f(t) measurements and polarization curves were obtained. A saturated calomel electrode (SCE) was used as the reference electrode and a platinum wire served as the auxiliary electrode. Capacity measurements, as a function of applied potential (1/C vs. U) were performed with the aid of the EG&G 273 A potentiostat coupled to an EG&G 5208 lock-in amplifier varying the potential between open circuit potential and 2.45 V with a sweep rate of 15 mV every 30 s. A 10 kHz frequency was imposed on to the electrode, which was immersed in the solution for 1 h before the test.
A Topometrix 2010 'Discoverer' AFM was used to obtain images of the electrodes in real time. The AFM apparatus was working in contact mode, in air, with silicon tips. After surface treatments and rinsing with bipermuted water in an ultrasonic bath, the electrodes were dried under a nitrogen stream. The scan speeds were of the order of 100 mm/s and the force used was as low as possible (%1 nN). The anodic polarization curves are given in Figure 2 . The sample with natural oxide film and the wet polished and chemically polished ones show an increase in current density around 1.65 V. One explanation for this electrochemical behavior is as follows: some localized dissolution of Ta associated with the breakdown of the film occurs, corresponding to the increase in current density followed by a decrease in current density associated with the repair of the film and its repassivation. This phenomenon can be related to the transition from semiconducting to dielectric behavior [24] . The polished anodized and chemically polished anodized electrodes do not show these increases in current density. These phenomena are possibly associated with the surface roughness and formation of a more compact, thick, and stable anodic film, that prevents the dissolution of Ta and consequently, the appearance of the current density peak, since the preparation mode of the surface electrodes influences its electrochemical properties [28] .
RESULTS AND DISCUSSION

Capacity Measurements 1/C versus U
The 1/C versus U curves for all the electrodes except for the one with natural oxide film are given in Figure 3 . As can be seen, both the anodized electrodes present a dielectric behavior since 1/C values are independent of the applied potential, which is in accordance with the results of polarization curves, while the wet polished sample shows a growing kinetic change around 1.65 V, with two linear parts, and becomes parallel to the chemically polished electrode both presenting, hereafter, a normal 1/C versus U behavior. This may indicate that the anodic film growth occurs linearly with increasing electrode potential by high-field ion migration in the film [29] , following the anodic oxidation formula of Seah [30] and a space charge layer exists, thinner than the thickness of the film in formation [23] . It is noteworthy that the breakdown of the slope occurred at potential values, U c , that promotes localized film growth, as it was observed before by AFM, and may be due to the tunnelling phenomenon. With increasing polarization, the tunnelling effect is not possible as the electronic band profile is no more determined by the electronic distribution as in semiconductors but by the properties of the mobile ionic carriers [24] . These mobile ions become the majority charge carriers with increasing voltage and the anodic process becomes operative [23] .
Anodic Oxidation Curves, U ¼ f(Q)
For comparison, the anodic oxidation curves U ¼ f(Q) of 4000 grit wet polished and chemically polished electrodes obtained in 0.15 M NaCl solutions are shown in Figure 4 . It appears that the film growth may be different for these electrodes. There is almost a superposition of both the curves until 1.65 V. For the chemically polished electrodes the straight line shows small variation of Q, whereas for the wet polished ones the quantity of electricity increases, for that potential value, almost linearly until 0.34 C cm À2 followed by a small increase of Q similar to chemically polished electrodes. It is possible that, at this stage of the anodic oxidation, the quantity of electricity, Q, was spent in the formation of small localized oxide areas on wet polished Ta surface [23] , while for chemically polished smoother surfaces with more homogeneous passive film, the U ¼ f(Q) curve shows a linear behavior probably indicating homogeneous film growth and less quantity of electricity, Q, consumption. These results are in accordance with the data obtained while performing the capacity measurements 1/C versus U. 
AFM Roughness Measurements
The AFM images of the Ta surfaces for the different treatments are shown in Figure 5 . The images were acquired from the same 24 can be observed particularly Ta with its natural film parallel to the displacement (A) and perpendicular (B) to the AFM silicon tip, wet polished (C), chemically polished (D), wet polished anodized (E), and chemically polished anodized (F). The highest roughness corresponds to the electrodes with natural film (data not shown), followed by wet polished and wet polished anodized electrodes that have roughnesses of the same magnitude. The chemically polished and chemically polished anodized electrodes have also the same roughness magnitude. These results are normal since an anodized film of about 10-15 nm thickness does not influence the roughness of the substrate. It is worth noting that the chemical polishing results in very smooth surfaces and several grains with dimensions between 50 and 300 mm, with a mean value around 90 mm were observed (D and F). From the results, it can be concluded that the surface states influence the electrochemical behavior of Ta electrodes.
CONCLUSIONS
Anodic oxidations of Ta electrodes promote its corrosion resistance. The formation of a homogeneous, thick, compact anodic film is responsible for the elimination of current density peak and may be associated with the transition from semiconducting to dielectric behavior. The surface states affect the electrochemical properties and film growth of Ta electrodes as it has been shown by anodic polarizations, capacity measurements, and anodic oxidations. The existence of the critical applied potential, U c , with the maximum value around 1.65 V is typical for Ta electrodes without anodic oxide film in NaCl solutions during anodic polarizations.
